Abstract--Alteration products of volcanic materials from various localities in Wyoming, U.S.A., Italy, Yugoslavia and Mozambique are mainly smectites and cristobalites with small amounts of kaolinite.
INTRODUCTION
A HlGH temperature form of silica has been previously reported in bentonites by several investigators, Gdiner (1940) , FlSrke (1955) and Novak (1967) , among others. Experimentally Hemley et al. (1961) synthesized hydrothermally montmorillonite and cristobalite in the system N a 2 0 -A1203-SiO2-H20 at temperatures below 350~ It seems therefore that smectites and cristobalites form an assemblage of geological significance in the alteration of volcanic materials. From the mineralogical standpoint there is an interesting relationship between the structures of these minerals. The tetrahedral sheets of smectites have been subjected to some controversy on the issue of whether the silica sheets contain inverted tetrahedra or are similar in arrangement as in micas. The crystal structure of c~-cristobalite was recently refined by Dollase (1965) . The structure consists of a cubic stacking sequence of tetrahedral sheets [SiO4] where every other silica tetrahedron is inverted. In the following the results of our X-ray and electron optical investigations on smectite and c~-cristobalite associations have been presented.
DESCRIPTION OF SAMPLES AND GEOLOGICAL OCCURRENCE
The samples were selected from the University of Illinois Grim's collection of clay minerals and they are described in the following with their collection numbers.
Bentonites from Italy (No. 183B, No. 336C) These samples are from the island of Ponza off the west coast of Italy. The bentonites occur in vitreous rhyolitic tuff of a volcanic sequence that traverse a platform of Miocene siliceous limestone. The origin of the bentonite is not clear but probably it is the result of hydrothermal alteration with some superimposed weathering.
Bentonite from Yugoslavia (No. 302) This sample is an altered volcanic ash in a sequence of Middle Tertiary sediments, (Karamata, 1956) .
Bentonite from Mozambique (No. 468) The bentonite occurs in a volcanic sequence near the top of the Stormberg series of the Karoo system of Liassic age. A perlitic lava overlies sandstone and dips 10-20 ~ to the east. The perlite is altered to bentonite with extreme irregularity. At some places the alteration is complete whereas at others the bentonite is scattered through the glass, at still other places there are bentonite nodules within the perlite. The formation of the bentonite appears to be the result of hydrothermal alteration, perhaps at least in part due to reactions of gasses and vapours eminated from the lava itself as a kind of deuteric process.
Bentonite from Crook County, Wyoming (No. 516) The sample is from the Clay Spur bed in the uppermost part of the Mowry shale of Lower N. GIQVEN and R. E. GRIM Cretaceous age. Cristobalite is found sporadically in the Clay Spur bed. In general the presence of cristobalite is not indicated by any visual characteristics.
X-RAY DIFFRACTION DATA
The samples have been centrifuged in order to separate into the size fractions < 1/~, 1-5/~, and >5/~. X-ray powder diffraction of these fractions on oriented slides and on randomly powdered samples revealed that all the samples have a very similar mineralogical composition. They consist mainly of a-cristobalite and a smectite with small amounts of kaolinite. Semiquantitative X-ray diffraction analyses of the samples indicate that the fine fractions (< 5/x) contain about 70% smectite and 20% a-cristobalite, and the coarser fractions (>5/,) consist of about 80% a-cristobalite and 20% smectite. The kaolinite occurs mainly in the < 5/, fractions. Detrital minerals like quartz, feldspars are present in the coarse fractions. Dolomite was identified in the coarse fractions of the Italian and Yugoslavian bentonites.
Because of the very similar mineralogical composition, the samples will not be described separatly in the following pages. Instead, the characteristics of the major minerals will be described in details.
a-Cristobalite
X-ray powder diffraction data obtained with a Philips diffractometer, display reflections corresponding to the spacings 4.04 A (o101), 3.14/~ (111), 2.84A (102), 2.49 A (200), 1.61 A (301) and 1.496 (302). These are reflections characteristic for acristobalite. The indices of reflections shown in parantheses refer to the primitive tetragonal cell with the space group P41212. The most interesting feature of the X-ray diffraction pattern is the profile of the (101) reflection of this mineral. This profile displays a noticeable diffuse scattering towards the lower angle causing broadening of this reflection. This is quite readily seen in Fig. 1 for the samples from Italy and Mozambique, and it indicates the presence of stacking disorder in the a-cristobalite. In Fig. 1 there appearsalso an additional reflection corresponding to 3-82 A indicating the presence of another silica phase namely tridymite. This however, does not mean that tridymite exists as a separate mineral in the sample; but it is rather related to the stacking disorder in a-cristobalite. It is known that cristobalite formed at lower temperatures show extensive stacking disorder (F16rke, 1955; FliSrke, 1967 tridymite reflections do not appear however, on the X-ray diffraction diagrams of the samples from Yugoslavia and Wyoming. In these samples c~-cristobalite shows only a small amount of stacking disorder. An attempt was made to separate c~-cristobalite from the rest of the sample in the fractions > 5/z using a liquid of proper density (p = 2.40) which is a mixture of bromoform and carbon tetrachloride. Under the polarizing microscope small aggregates which appeared to be pure c~-cristobalite were picked out and they were X-rayed in a DebyeScherrer camera. 
Smectites
This clay mineral forms up to 70% of the fractions < 5/z. The X-ray diffraction data collected at room temperature and 50% relative humidity are summarized in the following.
Smectites in Italian bentonites (No. 183B, and No. 336C) have a basal spacing varying between 13.4 and 14-6 A. Upon ethylene glycol saturation the basal reflection expands to 16-6-17-0 A, which also shows higher order reflections at 8.5 A (002) and 5"5 A (003).
Smectites in Yugoslavian bentonite (No. 302) are characterized by a basal spacing varying between 12.3 and 14-3 A which expands, upon ethylene glycol saturation, up to 16.6 A. The second and third order reflections show at 8.4 and 5.5 A. These are probably more accurate values than the first order reflection, for small angular errors in measurements in the lower angle region result in large errors in the spacing.
Smectites in Mozambique bentonite (No. 468) are present in relatively small amounts which is probably not more than 30%. They have a basal spacing varying between 13.0 and 13.9 A in the air dried state which expands up to 16.0-17.5 A. upon ethylene glycol saturation.
Smectite in Crook County, Wyoming sample (No. o516) is characterized by a basal spacing of 14.7 A at room temperature, which then expands up to 17.7 A upon ethylene glycol saturation.
Kaornites
In the < 5/x fractions of the samples, kaolinites occur as a minor phase. The kaolinite content does not exceed 10% in these fractions. The 7"1 A and sometimes also 3.58 A reflections appear in the samples and display rather weak relative intensities. The definite identification of this mineral has been made on the electron micrographs described in the next section.
ELECTRON OPTICAL OBSERVATIONS
A JEM 7 electron microscope, equipped with a field limiting aperture, makes it possible to obtain both transmission micrographs and selected area diffraction (SAD) patterns from areas as small as one micron square. Suspensions of the samples were prepared in a mixture of water and tertiary butylamine in the ratio 700 : [. A drop of this suspension was dried on formvar film, and gold and carbon coatings have been used. The most interesting features of the electron optical observations are: (1) Aggregates of cristobalite and smectites.
(2) Euhedral kaolinite crystals. These will be now described in detail.
Aggregates of smectite and cristobalite are shown on Fig. 2a from sample No. 336C which represent the most common aggregates in all samples. Thin fluffy aggregates of smectites are shown on the center of Fig. 2a . The selected area diffraction from several parts of this aggregate, Fig. 2b , shows only diffraction rings characteristic of a smectite. These diffraction rings correspond to 4.47, 2.51 and 1.49A spacings. The thick platy aggregates with sharp edges are most likely cristobalites. There is however no diffraction ring from cristobalite even from the thinner parts of these aggregates although strong reflections are observed on X-ray diffraction pattern. The fact that the strong (101) reflection from a-cristobalite does not show up might be explained if the orientation of cristobalite atomic planes (101) is perpendicular to the electron beam like the orientation of the (001) plane from the smectites. Then the [SiO4] layers of cristobalite will be parallel to the (001) plane of smectites on the electron microscope grids. Figure 3a is an electron micrograph from another aggregate from the Italian bentonite (No. 336C). It shows small cristobalite crystallites of the order of 0.1-0.2/z intergrown with larger elongated thin flakes. The SAD of these elongated flakes give again diffraction rings typical for smectite (Fig. 3b) .
In Fig. 2a , there are also crystals with regular hexagonal habit which are kaolinites. Figure 2c shows the SAD pattern of the kaolinite crystal seen on the lower part of Fig. 2a . Figure 4 shows another euhedral kaolinite found in the Mozambique sample (No. 468) with the SAD pattern superimposed on the same plate. This kind of idiomorph kaolinite crystals is found in all the samples described above. The SAD pattern of these kaolinites indicate an excellent crystallinity of these euhedral crystals. This type of kaolinite crystals associated with smectites were observed once before by Altschuler (1963) in natural clay minerals.
